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SUMMARY 

A correlat ion study i s  made of some l imited experimental f i lm-boiling 
heat-transfer coef f ic ien ts  obtained from forced-flow boi l ing  heat-transfer r e -  
search w i t h  l i qu id  hydrogen, nitrogen, and freon 113 as the  working f lu ids .  
The data studied herein were a l l  obtained with upward flow through e l e c t r i c a l l y  
heated c i rcu lar  tubes. 

Correlation i s  obtained by t h e  development of a r e l a t i o n  between a f i l m -  
vaporization parameter and a function consisting of a r a t i o  of an experimental 
Nusselt number modified by a two-phase cor re la t ion  fac tor  t o  a calculated tur- 
bulent vapor-phase Nusselt number. The film-vaporization p a m e t e r  includes 
t h e  heat f l u x  measured downstream of the  point along the  tube a t  which t r ans i -  
t i o n  from nucleate t o  f i lm boi l ing  i s  i n i t i a t e d  (burnout loca t ion) ,  t he  l a t e n t  
heat,  and the  f l u i d  qua l i ty  a t  the burnout location. The experimental Nusselt 
nmber i s  expressed i n  terms of t h e  saturated vapor thermal conductivity. The 
film-boiling heat-transfer coef f ic ien t  i n  t h i s  Nusselt number is  given by the  
r a t i o  of t he  l o c a l  heating r a t e  t o  t h e  w a l l -  t o  saturated-fluid-temperature 
difference.  The experimental Nusselt number i s  modified by a twb-phase corre- 
l a t i o n  fac tor  whose parameters include: vapor Reynolds number, heat-addition 
parameter, tube diameter and length, and several  f luid-property parameters. 
All f l u i d  propert ies  are evaluated a t  t h e  f l u i d  sa tura t ion  temperature (e i ther  
l o c a l  or average depending on t h e  avai lable  data). 

INTRODUCTION 

The problem of forced-flow boi l ing  heat t r ans fe r  a r i s e s  whenever the  
t r ans fe r  of energy a t  high heat f luxes must be m e t ,  o r  when large amounts of 
vapor must be generated t o  drive turbomachinery. Because t h e  governing equa- 
t i ons  f o r  bo i l ing  heat t r ans fe r  are not avai lable  at  t h i s  t i m e ,  it i s  not pos- 
s i b l e  t o  optimize t h e  design of a two-phase boi l ing  system. The cor re la t ion  of 
bo i l ing  heat- t ransfer  data  i n  t h e  form of empirical  dimensionless parameters, 
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however, is  of great usefulness f o r  engineering applications.  

The boi l ing  phenomenon associated with vapor generation covers t w o  primary 
heat- t ransfer  regimes: nucleate boi l ing and f i lm  boiling. I n  nucleate boi l -  
ing, l a rge  heat f l u x  values can be achieved with accompanying s m a l l  w a l l  super- 
heat values (tube wall- t o  fluid-saturation-temperature differences) with the  
r e s u l t  t h a t  l a rge  heat- t ransfer  coef f ic ien ts  a r e  obtained. I n  f i lm boiling, 
t h e  heat- t ransfer  coef f ic ien t  is  s ign i f i can t ly  lower than t h a t  i n  the  nucleate- 
bo i l ing  regime because la rge  w a l l  superheat values a r e  obtained. Under some . 
circumstances these la rge  w a l l  superheats can cause destruct ive f a i l u r e  or 
burnout of t h e  component. The point of t r a n s i t i o n  from nucleate t o  f i lm boi l -  
ing is  frequently iden t i f i ed  with a c r i t i c a l  heat f lux ,  and i t s  location i s  
of ten cal led t h e  burnout point (ref. 1). 

The fi lm-boiling regime f o r  two-phase turbulent  forced f l o w  with net vapor 
generation has been t h e  subject of very few experimental studies.  
mount problem i n  t h e  experimental s tudies  has been t h e  previously noted large,  
of ten excessive, values of w a l l  temperature r i s e  associated with f i l m  boiling. 
With t h e  increased use of cryogenic f lu ids ,  research i n  t h e  film-boiling regime 
has become more p r a c t i c a l  because these f lu ids ,  pa r t i cu la r ly  hydrogen, permit 
f i lm  boi l ing t o  occur a t  wall temperatures considerably below the  mater ia l  
failure temperature. 

One para- 

Reference 2 presents fi lm-boiling data taken with l iqu id  hydrogen. These 
and a data  are correlated i n  terms of a Mar t ine l l i  two-phase parameter 

modified Dittus-Boelter equation for Nusselt number 
a re  defined i n  appendix A . )  
data,  is reproduced from reference 2 and shown i n  figure 1 herein. 
of these data  shows t h a t ,  f o r  any given run, s ign i f icant  trends ex i s t  with 
l o c a l  tube length, heating r a t e ,  and m a s s  velocity.  (Note t h a t  tube length i s  
measured downstream from t h e  beginning of t h e  heated portion of t he  t e s t  speci- 
men; increasing ax ia l  length along t h e  tube is  indicated from r i g h t  t o  l e f t  i n  
f ig .  1.) From these and other considerations, it appears t h a t  t he  Mar t ine l l i  
two-phase parameter, as used i n  reference 2, does not provide a sa t i s fac tory  
correlat ion of l o c a l  film-boiling heat t r ans fe r  i n  forced f l o w .  

Xtt 
Nucalc,f. (All &imbols 

This correlat ion,  together with t h e  experimental 
Examination 

An apparent reduction i n  t h e  spread of t h e  data  shown i n  f igure 1 can be 
achieved over a ' l imited range of conditions by multiplying the  Nusselt number 
r a t i o  shown i n  figure 1 by t h e  product of t h e  m a s s  ve loc i ty  and the  l a t en t  heat 
divided by t h e  heating r a t e ,  a l l  modifying f ac to r s  with an exponent of 0.4 
( r e f .  3). 
t i o n  of these var iables ,  although it is an important correlat ing parameter f o r  
fi lm-boiling data,  is not su f f i c i en t  t o  eliminate a l l  data  trends.  Considera- 
t i o n  of data t h a t  extend t h e  operating range s ign i f i can t ly  ( r e f .  1) shows f u r -  
t he r  inadequacies i n  the  cor re la t ion  proposed i n  reference 3. 

However, ca re fu l  examination of t h e  data  indicates  t h a t  t h i s  r e l a -  

The present study was conducted a t  the  NASA Lewis Research Center as par t  
of a comprehensive program concerned with two-phase flow and heat-transfer 
phenomenon. 
t ransfer  coeff ic ients  has been made f o r  turbulent forced flow upward through 
e l e c t r i c a l l y  heated c i r cu la r  tubes (approximately uniform heat f lux)  with 

Herein an empirical cor re la t ion  of l o c a l  f i lm-boiling heat- 
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l i qu id  hydrogen, nitrogen, and freon 113 as t h e  working f lu ids .  The correla-  
t i o n  was obtained through t r ia l -and-error  solut ions by the  use of a f i l m -  
vaporization parameter, which i s  p lo t ted  as a funct ion of t he  r a t i o  of experi- 
mental Nusselt number modified by a two-phase cor re la t ion  fac tor  t o  a calcu- 
l a t ed  turbulent vapor-phase Nusselt number. 
covered by the  data  used herein i s  shown i n  t a b l e  I together with ranges of 
nominal values f o r  t h e  more important parameters used i n  the  present correla-  
t i on .  

The range of f l u i d  pressures 

COMPUTATIONAL PROCEDURES 

For t he  0.313-inch inside diameter tube da ta  of reference 2, l o c a l  pres- 
sures along the  tube were avai lable  t h a t  permitted t h e  use of l o c a l  f l u i d  prop- 
e r t i e s  i n  the  analysis .  Such l o c a l  pressures were not avai lable  f o r  t h e  0.495- 
inch inside diameter tube data  (ref. 2 and unpublished NASA data  obtained 
during the  same inves t iga t ion) .  The analysis  of these l a t t e r  data w a s  based on 
t h e  f l u i d  propert ies  averaged f o r  t he  tube i n l e t -  and out le t - f luid-saturat ion 
temperatures and pressures.  I n  reference 1, no measurable pressure drops 
across the  t e s t  sect ion were obtained, and t h e  only pressure measurement r e -  
ported was at  the  tube entrance. I n  reference 4 no pressure drop data  were r e -  
ported for the  0.408-inch diameter tube, while t he  s m a l l  pressure drops r e -  
ported f o r  t h e  0.18-inch diameter tube were neglected i n  the  present analysis.  

The l o c a l  heating r a t e  q was es sen t i a l ly  constant alqng the  tube length 
f o r  the  data  of reference 2 because of t he  tube mater ia l  used; however, f o r  t h e  
data  of reference 1, the  l o c a l  heating r a t e  w a s  a function of the  l o c a l  wall 
temperature on account of t h e  change i n  the  e l e c t r i c a l  res is tance of t h e  tube 
mater ia l  with temperature. The wall temperatures were obtained d i r e c t l y  from 
the  respective references.  For data  from reference 2, t h e  inside tube w a l l  
temperature was reported.  In  reference 1, however, only the  outer tube w a l l  
temperature w a s  reported.  These outer w a l l  temperatures were not corrected 
herein because the  temperature drop through t h e  w a l l  w a s  considered negl igible  
(generally l e s s  than loo out of several  hundred degrees t o  as high as 1800' F ) .  
I n  reference 4 only the  average heating r a t e s  were reported; the  authors s t a t ed  
t h a t  the  l o c a l  heating r a t e s  d i f fe red  from t h e  average values by l e s s  than +7 
percent. As  i n  reference 1, outer w a l l  temperatures given i n  reference 4 were 
not corrected herein because the  temperature drop through the  w a l l  was con- 
sidered negl igible .  

A n  examination of t h e  data l ed  t o  the  elimination of poi-nts based on t h e  
following considerations that were considered t o  be influenced by tube-end ef- 
f e c t s  : 

(1) For the  data  of reference 1, the  f i rs t  temperature data  point follow- 
ing t h e  burnout loca t ion  w a s  discarded because t h e  locat ion of burnout could 
not be establ ished wel l  enough t o  avoid possible la rge  e r rors  i n  t h e  i n i t i a l  
Z/D r a t i o  when ca lcu la t ing  the  film-vaporization parameter. The last tempera- 
t u r e  data  point a t  t he  tube e x i t  was  discarded because of obvious thermal end 
ef fec ts  due t o  t h e  presence of t he  e l e c t r i c a l  busses. The nearest  va l id  tem- 
perature measurement t o  t h e  tube e x i t  was  approximately 1 .6  inches from t h e  
e x i t .  
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( 2 )  The data se lec t ion  used herein was  t h e  same as t h a t  used i n  refer- 
ence 2; namely, t he  f i r s t  temperature used i n  t h e  analysis  was obtained 0.625 
inch from the  tube entrance, and t h e  f a r thes t  downstream on t h e  tube was lo-  
cated about 1 . 6  inches from t h e  tube ex i t .  Thermocouples located closer than 
these lFmits t o  t h e  tube entrances and exi ts  were influenced by thermal end ef- 
f e c t s  and consequently w e r e  i n  error .  

(3 )  The first and last w a l l  temperatures reported i n  reference 4 w e r e  not 
used i n  t h e  present analysis  because of possible thermal end ef fec ts ;  t h e  in i -  

t i a l  w a l l  temperature used i n  the  present analysis  was obtained % inches from 

t h e  heated entrance of t h e  tube, and t h e  f a r t h e s t  downstream w a l l  temperature 

1 

I used was  located % inches from t h e  tube ex i t .  

The thermodynamic and the  t ransport  data  used herein were compiled from 
Since several  sources, some published (refs. 5 and 6 )  and some unpublished, 

there  are insuf f ic ien t  saturation-property data f o r  a l l  cryogenic f lu ids ,  t he  
author extrapolated t h e  ava i lab le  data f o r  h i s  own use ( see  a l s o  ref. 2 ) .  The 
method used i n  t h i s  data  extrapolation is  discussed b r i e f l y  i n  appendix B, and 
per t inent  extrapolated fluid-property values used herein are shown i n  figure 2. 

Ranges of t he  var iables  covered i n  t h e  reference s tudies  and used i n  t h e  
present study are shown i n  t a b l e  I. . 

DEVELOPMENT OF COFEELdTION PARAMETERS 

I n  the  empirical approach taken herein, a solut ion,  achieved through 
t r ia l -and-error  means, f o r  correlat ion of l o c a l  heat- t ransfer  coeff ic ients  i n  
t h e  fi lm-boiling regime, was obtained through t h e  development of (1) a f i l m -  
vaporization parameter XF and ( 2 )  a r a t i o  of an experimental Nusselt number 
modified by a two-phase cor re la t ion  fac tor  t o  a calculated single-phase turbu- 
l e n t  vapor Nusselt number. 

Film-Vaporization Parameter 

The film-vaporization pmameter Xp is  defined as 

xf 
‘F = 1 - xc 

where xf f o r  a f l u i d  flowing through a c i rcu lar  tube is  given by 

and xc is the  f l u i d  qua l i ty  a t  the  burnout locat ion.  Values of xc for t he  
data  of reference 1 were obtained from t a b l e  I1 therein.  For t he  data of ref- 
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erences 2 and 4, t he  value of was taken as zero f o r  a l l  runs; that is, the  
burnout locat ion was assumed t o  coincide with t h e  beginning of t he  heated por- 
t i o n  of t he  t e s t  specimen. The length term 2 i n  equation ( 2 )  is  the  distance 
measured ax ia l ly  along the  heated tube downstream from the  burnout location. 
The present analysis  i s  l imited t o  constant or nearly constant heat flux w i t h  
distance downstream of t h e  burnout location. Average values of heat f l u x  may 
be u t i l i z e d  only t o  obtain an approximate solut ion.  The values of hfg are 
those associated with t h e  appropriate ( loca l  or average) sa tura t ion  tempera- 
ture. 

xc 

When t h e  burnout locat ion coincides subs tan t ia l ly  with t h e  heated tube en- 
t rance (data from ref. 2 ) ,  xc 
special  case and with a constant heat f l u x  along the  tube, XF 
t h e  thermodynamic f l u i d  qua l i ty  and, effect ively,  a l l  vaporization of t h e  f l u i d  
i s  assumed t o  occur i n  t h e  fi lm-boiling regime. When xc has a s igni f icant  
value ( r e f .  l), XF represents  t he  vaporization i n  t h e  film-boiling regime of  
only a portion of t he  t o t a l  f l u i d  flow and cannot be considered a qual i ty  term 
as i n  the  previous case. I n  both cases, however, on the  assumption t h a t  per- 
f e c t  thermal diffusion and mixing of t he  f l u i d  occurs, t he  en t i r e  quantity of 
f l u i d  passing through the  heated tube i s  considered t o  be vaporized when 
is 1.0. 

can be considered zero, and XF = +. For t h i s  
i s  a measure of 

XF 

Nuss e l t  Number Considerations 

Researchers f requent ly  r e so r t  t o  t he  Nusselt number i n  attempting t o  cor- 
relate experimental heat- t ransfer  coeff ic ients .  The Nusselt number f o r  a c i r -  
cular  tube and single-phase f l u i d  is often wr i t ten  as 

and f o r  t he  spec ia l  case i n  which the  f l u i d  is a t  the  saturat ion temperature 

SD NU = (tw - t s ) k  (4) 

I n  both equations (3) and (4 )  only one fluid-property term is evident i n  the 
def in i t ions  of Nusselt number, namely, t h e  thermal conductivity k of t he  
f lu id .  The use of t h e  l i qu id  or t h e  vapor thermal conductivity value f o r  a 
single-phase f l u i d  depends on t h e  phase s ta te  of t h e  f lu id .  

For two-phase flow, however, a more complex expression of thermal conduc- 
t i v i t y ,  depending on t h e  f l u i d  qua l i ty  or t h e  f l u i d  void fract ion,  would have 
t o  be considered if two-phase property values are used as t h e  bas i s  f o r  a cor- 
re la t ion .  In  order t o  avoid t h i s  complexity, saturated vapor propert ies  are 
a r b i t r a r i l y  used herein,  and l i qu id  propert ies  are used only when necessary as 
modifying influences f o r  da ta  correlat ion.  

For two-phase heat- t ransfer  cor re la t ion  purposes, it is  of ten convenient 
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t o  use a r a t i o  of t h e  experimental Nusselt number f o r  two-phase flow t o  t h e  
calculated single-phase turbulent  vapor Nusselt number as a s igni f icant  param- 
e t e r .  A similar approach i s  used herein.  The calculated single-phase vapor 
Nusselt number used i n  t h e  present study, f o r  which turbulent flow i s  assumed, 
i s  given by 

0.8 0.4 N%,calc = 0.023 Re, Pr, 

All property terms i n  equation (5) are based on t h e  sa tura t ion  conditions of 
t h e  vapor phase, and t h e  m a s s  ve loc i ty  i n  t h e  Reynolds number is  based on t h e  
t o t a l  m a s s  flow through t h e  heated tube. The r a t i o  of Nusselt numbers (eqs. 
(4) and (5)) can then be wr i t ten  as 

r 1 

Nuexp 
NUv, ca lc  NUv, calc  

The var ia t ion  of t h e  data  i n  terms of equation ( 6 )  with the  fi lm-boiling 
vaporization parameter XF i s  shown i n  f igures  3 and 4 f o r  hydrogen, nitrogen, 
and freon 113. It i s  qui te  evident from the  wide spread i n  the  data and t h e  
var ia t ion  i n  t h e  shapes of the data curves that equation (6)  will not suf f ice  
t o  cor re la te  t h e  experimental data i n  terms of It had a lso  been a n t i c i -  
pated i n  s e t t i n g  up equation ( 6 )  t h a t  when XF 
of t h e  f l u i d  phases i s  assumed), t he  r a t i o  of Nusselt numbers expressed by 
equation (6 )  a l so  becomes 1.0. 
f romthe  data  t h a t ,  if perfect  phase mixing did not occur, t h a t  i s ,  i f  a l l  t he  
f l u i d  had not vaporized when XF i s  1.0, t he  r a t i o  of N u ~ ~ / N u ~ ~ ~ ~  would ex- 
ceed 1.0 a t  
s ign i f icant ly  la rge  port ion of t he  data shows t h a t  t he  values of 
a r e  considerably l e s s  than 1.0 as 
r e f .  2, and a s igni f icant  amount of data from f i g .  4 of r e f s .  1 and 4 ) .  

A number of runs from reference 2 with the  0.313-inch inside diameter tube 
over t he  last one-third of t h e  

XF. 
becomes 1.0 (and perfect mixing 

On the  other hand, it could a l so  be reasoned 

XF = 1.0. On t h e  bas is  of heat-balance calculations,  however, a 

N u ~ ~ / N u ~ ~ ~ ~  
approaches 1.0 ( a l l  data from f i g .  3 of XF 

show rapid ly  increasing values of 
tube length (runs 18-2 t o  20-1 i n  f ig s .  3(a) and ( b ) ) .  These data a re  incon- 
s i s t e n t  with t h e  other runs of the  same invest igat ion as well as those of ref-  
erence 1. It should be noted t h a t  t h e  same data  points  did not p lo t  well  f o r  
t h e  correlat ion of reference 2 shown i n  figure 1. 

N u ~ ~ / N u ~ ~ ~ ~  

Correlation Parameters 

Examination’of t he  data  presented i n  f igures  3 and 4 shows tha t  t he  r a t i o  
.of N u ~ ~ / N % , ~ ~ ~ ~  i s  a fur ther  function of t he  vapor Reynolds number Rev, a 
heat-addition parameter I?, t h e  heated tube diameter, several  f l u i d  properties 
parameters, and t h e  overa l l  length Le of t he  tube measured from the  absolute  
entrance of t he  tube (not t h e  heated portion) t o  t h e  burnout location. 
a s e r i e s  of t r ia l -and-error  solutions,  parameters w e r e  developed t h a t  corre- 

Through 
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l a t ed  the  data  f o r  each tube and f i n a l l y  for  a l l  the  data  i n  t h e  three refer- 
ence investigations.  

The f i n a l  equations developed f o r  correlat ing l o c a l  f i lm-boiling heat- 
t r ans fe r  coeff ic ients  are expressed as follows: 

where 

and 

r = [y Rev (I’ + 2500,] = [Rev(. + T)] 2500 

(Le/D) ] + 0.13) 
a = !.5[1 - ( L , / D ) ~  + 0.05 

For 
s t a n t  value of 0.13, whereas f o r  
yields  var iable  values f o r  t h e  exponent a. The term NB is a fluid-property 
parameter developed i n  reference 7 and found useful  i n  cor re la t ing  other two- 
phase heat-transfer data.  For convenience,a p lo t  of NB (taken from ref. 7)  
as a function of t h e  r a t i o  i s  shown i n  f igure  .5 f o r  l i qu id  hydrogen, 
nitrogen, and freon 113. 

Le/D values greater than 3.5, equation (14) can be assumed t o  have a con- 
Le/D values l e s s  than 3.5, equation (14) 

Ps/Pcr 
The constant 2 . 0 ~ 1 0 - ~ O  i n  equation (8) w a s  selected,  
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i n  pa r t ,  so  t h a t  when XF is  1.0, t h e  value of ( N U , ~ / N U ~ , ~ ~ ~ ~ ) F ~ ~  is  a l so  

1.0. Furthermore, t h e  term (0.005) 
provide a near ly  l i nea r  curve i n  t h e  f i n a l  correlat ion.  

i n  equation (8)  wits included t o  b- (XF) "1 

The data  of references 1, 2, and 4 are p lo t ted  i n  terms of equation ( 7 )  i n  
figure 6. I n  general, good agreement of t he  da ta  i s  obtained f o r  a l l  f l u ids ,  
although several hydrogen runs a re  s ign i f i can t ly  higher o r  lower than the  aver- 
age curve drawn through a l l  t h e  data. No explanation i s  offered a t  t h i s  time 
for these random departures from the  average curve, but it should be noted t h a t  
i n  the  case of run 14-8 ( f ig .  6 (b) )  t he  heat- t ransfer  coef f ic ien ts  given i n  
reference 2 decrease with increasing tube length,  whereas f o r  a l l  t h e  other 
runs shown the  coef f ic ien t  generally increases with increasing tube length. 

I n  f igure  6(h) data  from runs 26 and 27, having t h e  lowest values of r' 
used i n  t h e  reference s tudies ,  l i e  above t h e  general cor re la t ion  curve. This 
occurrence may be due t o  t h e  mathematical expression used f o r  equation (11). 
It is possible t h a t  a change i n  flow model or  pa t te rn  occurs at  very low values 
of (less than about 300), which is not considered by the  form of equation 
(11). 
l a t i o n  by changing equation (11) t o  the  following: 

Consideration of such a flow-model change can be included i n  the  corre- 

However, it should be noted t h a t ,  while t h e  conditions f o r  runs 26 and 27 a re  
nearly ident ica l ,  t h e  data  deviate by up t o  30 percent. 
t o  be required i n  order t o  es tab l i sh  whether equation (11) or (15) should be 
used f o r  low values of I?. For values of I? greater than 300, t h e  r e s u l t s  
given by these two equations d i f f e r  by less than 2 percent. 

Additional data  appear 

In t h e  case of figure 6(g),  the  data  shown a r e  based on only one "valid" 
data  point f o r  each run; however, even these da ta  a re  generally i n  reasonable 
agreement with t h e  average curve. An explanation f o r  t h e  da ta  being somewhat 
above the  average curve is that these data  points  are s t i l l  influenced by the  
accuracy and t h e  judgment used i n  the  establishment of t h e  burnout locat ion 
(ref. l), which a f f e c t s  t h e  calculat ion of t h e  XF value. 

The correlat ion could be somewhat simplified if the  exponent a (eq. (14))  
had a constant value of 0.13, ra ther  than being dependent on f o r  r a t i o s  
of t h i s  term l e s s  than 3.5. D a t a  f o r  which Le/D i s  approximately 0.9 and ex- 
ponent is 0.13 are presented i n  figure 7 together with the  f a i r e d  curve for  
a l l  the  data  used herein. Similar r e s u l t s  were obtained with the  0.18-inch ai- 
ameter tube data  of reference 4 {Le/B =" 0.7). 
ponent these data p lo t  with a reduced slope compared with the  f a i r ed  
curve. 

Le/D 

a 

It is apparent t h a t  with an ex- 
a = 0.13 
U s e  of a var iable  exponent dependent on Le/D (eq. (14) )  yields  a 
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single-curve correlat ion %hat i s  applicable f o r  a l l  data  used herein 
(Le/D > 0.7)  as shown previously i n  f igure  6. 
can be expected f o r  L,/D 
is strongly influenced by the  form of equation (14).  
(14) should not be used i n  t h i s  range u n t i l  data a re  avai lable  t o  es tab l i sh  t h e  
value of exponent a as Le/D approaches zero. 

Doubtful correlat ion of t h e  data  
r a t i o s  i n  the  range of 0 t o  0 . 7  because exponent a 

Consequently, equation 

. - A simplified so lu t ion  f o r  t he  'film-boiling heat-transfer coeff ic ient  i n  
t h e  range of 
s t ra ight - l ine  var ia t ion  (log-log p l o t )  with a negative 45O slope f o r  (Nuexp/ 
N%,calc)Ftp against  XF i n  f igure  6. This assumption lea& t o  

XF from 0.01 t o  1.0 can be made by t h e  approximation of a 

and 

- 9 
- = 

Equation ( 1 7 )  yields  hexp values within 
the  curve shown i n  f igure  6. 

CONCLUDING 

+lo percent of those obtained from 

The correlat ion of film-boiling heat-transfer coeff ic ients  developed 
herein should be applied only t o  t he  f lu ids  included herein and i n  t h e  general 
range of t he  variables l i s t e d  i n  t ab le  I because of t h e  l imited data  avai lable  
fo r  the  analysis .  It i s  important t o  note, however, t h a t  t he  freon 113 data 
obtained with the  0.408-inch diameter tube (ref. 4) were not used t o  es tab l i sh  
the  correlat ing parameters. These data,  therefore,  const i tute  an independent 
check on t h e  development of these parameters, and hence on the  apparent valid- 
i t y  of t he  correlat ion.  I n  the  absence of spec i f ic  data,  it is  not known 
whether fur ther  fluid-property and/or tube-geometry e f f ec t s  m u s t  be included if  
t he  correlat ion i s  extended t o  other f l u i d s  and channel geometries. For exam- 
ple,  from the  avai lable  data  it cannot be determined whether a Prandtl  number 
term, e i the r  l i qu id  or vapor, should be included i n  t h e  two-phase correlat ion 
fac tor  Ftp. The Frandtl  numbers f o r  hydrogen, nitrogen, and freon 113 are too 
s imilar  i n  magnitude t o  permit establishment of a dependency on t h i s  parameter. 
While such a f ac to r  may not be necessary f o r  a f l u i d  such as water ( l i q u i d  and 
vapor Frandtl  number ranges of t he  same order of magnitude as the  l iqu ids  
studied),  it may well  be necessary t o  include t h i s  parameter when l iqu id  
metals, with l i qu id  Prandtl  numbers some two orders of magnitude l e s s  than 
those fo r  cryogenic f lu ids ,  a r e  included i n  the  correlat ion.  

9 



Thus, addi t ional  f luids  and tube geometries should be studied experimen- 
t a l l y  and a w i d e r  range of operating conditions investigated i n  order t o  ver i fy  
and extend t h e  empirical  r e l a t ions  developed herein. 

Lewis  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, January 22, 1964 
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APPENDIX A 

SYMI30LS 

f l u i d  spec i f i c  heat, Btu/lb-mass, OR P C 

D tube diameter (I.D.), f t  

two-phase modification f ac to r  (defined by eq. ( 8 ) ) ,  dimensionless 

m a s s  velocity,  lb-mass/(hr) ( s q  f t )  

FtP 

G 

g accelerat ion (gravity), 4 . 1 7 ~ 1 0 ~  ft/hr2 

conversion constant, 4. 17X1O8, (lb-mass )(%) 
lb - f or ce 

h heat-transfer coef f ic ien t ,  Btu/(hr)(sq f t> (OF)  

l a t e n t  heat of vaporization, Btu/lb-mass 

thermal conductivity of f lu id ,  Btu/(hr) ( f t ) ( ' R )  

hfg 

k 

L c r i t i c a l  length measured from beginning of heated portion of tube t o  
burnout location, f t  or in .  

Le sum of distance L and unheated upstream hydrodynamic port ion of 
tube, f t  

2 length along heated tube measured from burnout location, f t  

&/, 
P, ( g , OL 1 

boil ing number (fluid-property parameter), 
NB 1.5 

Nu Nusselt number, hD/k, dimensionless 

Nucalc,f calculated Nusselt number based on f i l m  propert ies  ( r e f .  2 ) ,  dimen- 
s ionless  

N+, eale calculated vapor-phase Nusselt number, 0.023 Re:' 'FY:. 4, dimension- 

thermodynamic c r i t i c a l  pressure f o r  f l u i d ,  -- Ib abs 
Pcr s q  in.  

l e s s  

PS sa tura t ion  pressure, Ib abs s q  in. 

FY h-andtl  number, cpp/k, dimensionless 
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t o t a l  heat input from burnout locat ion t o  downstream locat ion 2 
( f ig .  l), Btu/sec 

heat flux, Btu/(hr)(sq f t )  

Reynolds number, GD/p, dimensionless 

temperature, OF 

m a s s  flow rate of f l u i d ,  lb-mass/& or lb-mass/sec ( f ig .  1 only) 

fi lm-boiling vaporization parameter, xf/(  1 - xc)  , dimensionless 

thermodynamic f l u i d  qua l i ty  a t  burnout location, dimensionless 

e f fec t ive  fi lm-quality parameter i n  fi lm-boiling regime, 4ql/DGhfg, 

f i lm-boiling cor re la t ion  parameters (defined by eqs. ( 9 )  t o  (12), 

dimensionless 

respect ively) ,  dimensionless 

f l u i d  viscosi ty ,  lb-mass/(hr) ( f t )  

f l u i d  density,  lb-mass/cu f t  

f l u i d  surface tension, lb-force/ft  

Mart inel l i  two-phase parameter (ref. 2 ) ,  dimensionless 

Subscripts : 

b bulk 

c r  propert ies  a t  the  c r i t i c a l  pressure point 

exp experimental 

f f i lm conditions, ari thmetic mean between w a l l  and bulk temperature 
(ref. 2 )  

I l i qu id  

S saturat ion temperature of f l u i d  

v vapor 

W wall 

12 
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ESTIMATION O F  SATURATED VAPOR PROPERTIES 

FOR HYDROGEN AND NITROGEN 

Examination of l imited nitrogen and oxygen saturated vapor propert ies  in- 
dicated tha t ,  i n  the  range of i n t e re s t  f o r  t he  data used herein,  t h e  r a t i o  of 
b , s / p c r  for  these two f lu ids  could be normalized on a s ingle  
curve when plot ted as a function of Such p lo t s  are shown i n  figure 
2 ( a ) .  Saturated 
vapor properties f o r  these two f l u i d s  were obtained by interpolat ion and ex- 
t rapola t ion  of established property values a t  1 atmosphere, and t h e  assumption 
t h a t  the  var ia t ion  of t h e  r a t i o s  pv,s/pcr and $,s/kcr as functions of 
P,/P,, 

and kv,s/kcr 
Ps/Pc,. 

Similar data  f o r  hydrogen and freon 113 are not available.  

for  nitrogen and oxygen a l so  apply. 

Figure 2(b) shows t h e  var ia t ion  of +,s and %,s f o r  hydrogen with 
saturat ion temperature obtained by means of t h e  preceding technique. 
p lo t s  a r e  a l so  given f o r  nitrogen i n  f igure Z ( c )  and freon 113 i n  f igure  2(d) .  

Similar 
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TAELZ I. - RANGES OF VYXCABUS AND PARAMETERS USED I N  FREEZTC STUDY (NOMINAL VALUES) 

Heat flux, 
q, 

Btu/(hd ( S ¶  f t )  

Refer- Fluid Inside Heated 
ence tube tube 

diameter, length, 
in. in. 

Mass velocity, Fluid 

lb-mass/(hr)(sq f t )  burnout 
G, qml i ty  at 

location, 

0.004~10~ t o  0.05~10~ 
.a33 t o  .05 . ll8 t o  .53 
.085 t o  ,425 
.039 t o  .214 
.014 t o  ,042 

0.0O28x1O6 to 0.017~10~ 0 t o  0.95 
.015 t o  .056 .08 t o  .95 
.42 t o  1.12 0 
.15 t o  .37 0 
.15 t o  .38 0 
.33 t o  .82 0 

ence 

1 Hydrogen 0.555 
1 Nitrogen .555 
2 Hydrogen .313 
2 Hydrogen .495 

(a) Hydrogen .495 
4 Freon 113 .18,.408 

1 IHydrogen 

16.125 
16.125 
12.0 
12.0 
12.0 
l5.0 

Inlet  
pressure, 

Ib abs 
s q  in. 

0.035~10~ t o  0.22~10~ 

3.5 t o  9.2 
2.0 t o  4.3 
1.6 t o  6.5 

.05 t o  .12 

.16 to .90 

30 t o  74 
47 t o  56 
27 t o  72 
28 t o  50 
32 t o  50 
17 t o  24 

120 t o  300 700 t o  3,000 
165 t o  265 400 t o  1,100 
1000 t o  2350 5300 t o  23,500 
800 t o  1760 6000 t o  30,000 
700 t o  1500 2800 t o  13,000 
94 t o  258 178 t o  450 

Vapor 
raDorizat ion Reynolds number, Nusselt parameter, NB + 

parameter, 

m a x  
(x,) 

number, 
NUexp 

r 

Hydrogen 

&Unpublished NASA data. 

1.0 
1.0 
.71 
.83 
.34 
.55 

0.265~10’~ t o  0. 275x10’6 
.49 
.26 t o  .30 
.26 t o  .265 
.26 t o  ,265 
1.19 t o  1.39 



e 

1 

. 2  , 
I I  I 

I I I I I I I  
Run Mass flow Total heat in- 

r a t e  of 
fluid lput out  location from burn- to- 

A 
n 
P 
V 

a 
n 
0 
0 
D 
a 
0 

V 
D 
4 
A 

0 
v 
D 

O 
I 

w, downstream 
lb-mass/sec location, 1 

18-2 
18-3 
18-4 
18-5 

18-6 
18-7 

20-1 
20-2 
20-3 
20-4 

22-4 

20-5 
20-6 
20-7 
20-8 

22-1 
22-2 
22-3 

0.177 $::} 2.7 
.063 

0.181 ] 4 .6  .123 

7 . 1  

.079 J 
0.151 8.2 

0.142 

.068 
10.9 



o" 
*rl 
c, 
cd 

LNi t rogen  
( unpub li s bed)- 

.6 

I- 
! 

Flu id  Reference 

0 Nitrogen 6 
cl Oxygen 6 

.i 1 
Ratio of s a tu ra t ion  pressure t o  c r i t i c a l  pressure, Ps/Pcr 

(a )  Rat io  of sa tura ted  vapor property value t o  property value at c r i t i c a l  pressure 
as funct ions of r a t i o  of s a tu ra t ion  t o  c r i t i c a l .  pressure.  

Figure 2. - Estimated sa tura ted  vapor v i s c o s i t y  and conduct ivi ty  val-ues f o r  hydro- 
gen, nitrogen, and f reon  113. 



t- 

,/ 

-1 -1 1 I 
0 Reference 6 

/ 

)n 
value, 1 a t m  

.008l I I I 

34 38 4 

/ 

E 
c 5 

sa tura t ion  temperature, t , OR 

(b) Estimated saturated vapor proper t ies  for hydrogen. 

Figure 2. - Continued. Estimated sa tura ted  vapor v i scos i ty  
and thermal conductivity values f o r  hydrogen, nitrogen, 
and l'reon 113. 
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.034 

.030 

.026 z f  

?i! .022 

014 

.010 

.010 

i d -  
cn . 002 

110 130 

/ 
/’ 

Saturat  ion 
-value, 1 atm 

I 1  
I l l  

0 Reference 6 

- Saturat  ion 
value, 1 a t m  

150 170 190 
Saturat ion temperature, tS, OR 

( c )  Estimated sa tura ted  proper t ies  f o r  nitrogen. 

Figure 2. - Continued. Estimated sa tura ted  vapor v i scos i ty  and thermal con- 
duct i v i t y  values  f o r  hydrogen, nitrogen, and freon 113. 
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Satura t ion  temperature, ts, % 

(d) Estimated sa tu ra t ion  proper t ies  f o r  f reon  113. 

Figure 2. - Concluded. Estimated sa tu ra t ion  vapor v i s c o s i t y  and thermal conductivity 
values  f o r  hydrogen, nitrogen, and freon 113. 
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Run Nominal heat-  Nominal vapor 

0 18-2 
0 18-3 
0 18-4 
A 18-5 
V 18-6 
a 18-7 

addi t ion  
parameter, 

r 
5380 
5330 
5450 
5690 
8750 
9000 
9250 

A 

n 
ii 

0 

n 
C 

V 
3 

Reynolds 
number, ' ~ 

Rev 

9.2ox106 
7.27 
5.24 
3.74 
9.12 
6.42 
4.81 

.004 .006 .008.01 .02 .03 .04 

I 

I 
I 

I 

I 
.06 .08 .1 . 2  . 3  

Film-vaporizat ion parameter, XF 

(a)  0.313-Inch in s ide  diameter tube; range of heat-addi t ion parameter, 
5330 t o  9250; published da ta .  

Figure 3. - Varia t ion  of Nusselt number r a t i o  with f i lm-vaporizat ion 
parameter f o r  l i q u i d  hydrogen (ref.  2 ) .  
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T 
RUn 

20-1 
20-2 
20-3 
20-4 
22-4 

t-a 

I 1 I I I I I I  
Nominal heat - Nominal vapor 

addition 
parameter, 

r 
13,450 
13,720 
14,000 
14,300 
15,570 

I 

i .06 

Reynolds 
number, 

Rev - 
- 

8.3OX1O6 - 
6.88 - 
4.96 
4.37 
6.92 

- 

- 

11 . 
I b "  O f i  

> 

,o 
V 

' 0- 

Film-vaporizat ion parameter, XF 

(b) 0.313-Inch inside diameter tube; range of heat- 
addition parameter, 13,450 t o  15,570; published data. 

. 4  

Figure 3. - Continued. Variation of Nusselt number r a t i o  
with f ilm-vaporiiat ion parameter f o r  l iqu id  hydrogen 
(ref. 2). 
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0 
0 
0 
A 
V 
d 
a 
n 

a 

I I I I I I I I  I 
R u n  Nominal heat-  

addi t  ion  
parameter, 

r 
20 -5 18,600 
20-6 18,900 

20-8 19,600 
20-9 23,500 

20-7 19,000 

22-1  20. 
22-2 20 

.06 .( 

F 

Nominal vapor 
Reynolds 

number, 
Rev 

8. 5OX1O6 
6.20 
4.60 
4.00 
9.05 
6.58 
4.98 
3.53 

A 1 

Ql 

Q A  

B 

1 . 2  . 4  
Film-vaporizat ion parameter, XF 

( c )  0.313-Inch in s ide  diameter tube; range of heat-addi t ion parameter, 
18,600 t o  23,500; published data .  

Figure 3. - Continued. Variat ion of TJusselt number r a t i o  with f i lm- 
vaporizat ion parameter for l i q u i d  hydrogen (ref.  2 ) .  
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RUn 

16-10 
16-20 
12-9 
10-8 
14-3 
14-5 
14-7 
14-8 
10-4 
14-4 

i I I I I I I  I 
Nominal heat - 

addi t  ion 
parameter, 

r 
3,095 
5,170 

30,000 
16,100 

6,030 
6,280 

10,850 
11,000 
11,900 
6,100 

.01 .02 .04 .06 

Nominal vapor __ 
Reynolds 

number, 
R e v  

2. 29X106 
2.21 
3.06 
2.11 
3.37 
2.02 
4.35 
2.02 
2.15 
5.10 

u 

0 - 

.08 .1 . 2  . 4  - 6  .8 1 
Film-vaporization parameter, XF 

(a) 0.495-Inch i n s ide  diameter tube; range of heat-addi t ion parameter, 
3,095 t o  30,000; published data .  

Figure 3. - Continued. Variat ion of Nusselt number r a t i o  with fi lm- 
vaporizat ion parameter for l i q u i d  hydrogen (ref.  2 ) 
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, 1 1 1 1  I , I  

Run Nominai heat-' NoAinLl vapor 

0 
0 
A 
A 
n 
n 

0 
n 

0 
V 

0 

99 
100 
10 2 

8 4  
85 
86 
87 

10 3 
104 
105 
106 

.004 .006 .008 .01 

addit  ion 
parameter, 

r 
2890 
3005 
3120 
3585 
3660 
37 20 
3845 
3510 
3590 
36 40 
3700 
3800 

I bl A!l 

Reynolds 
number, 

R e v  

6. 5OX1O6 
3 .65 
1.54 
6.82 
5 . 2 3  
3 . 9 3  
2 . 3 3  
6 .53  
4.76 
3.60 
2.45 
1 . 7 3  

.02  .04 .06 .08 .1 . 2  
Film-vaporizat ion parameter, XF 

( e )  0.495-Inch inside diameter tube; range of heat -addit ion 
parameter, 2890 t o  3845; unpublished data. 

Figure 3. - Continued. Variation of Nusselt number r a t i o  with 
film-vaporization parameter f o r  l i qu id  hydrogen ( r e f .  2 ) .  
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Run Nominal heat-  Nominal vapor 

I I  addi t  ion 

t-t 
0 88 5330 
0 89 5385 

A 109 4850 
v 110 4875 
n 115 6970 
0 116 7015 

0 108 4745 

Reynolds 
number, 

. Rev 

6. 15X106 
4.30 
6.43 
4.88 
3.45 
3.57 
2.22 

.004 .006 .008 .01 .02 .04 .06 .08 
Film-vaporizat ion parameter, % 

.1 . 2  

( f )  0.495-Inch ins ide  diameter tube;  range of heat-addi t ion parameter, 
4745 t o  7015; unpublished da ta .  

Figure 3. - Continued. Variat ion of N u s s e l t  number r a t i o  with f i l m -  
vaporizat ion parameter f o r  l i q u i d  hydrogen ( r e f .  2 ) .  
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- 
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c 
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4 

addit ion 
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Film-vaporizat ion parameter, XF 

(g )  0.495-Inch inside diameter tube; range of heat-addition 
parameter, 8,330 t o  12,270; unpublished data.  

Figure 3. - Concluded. Variation of Nusselt number r a t i o  
with f ilm-vaporizat ion parameter for l i qu id  hydrogen 
(ref. 2 ) .  
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114 
1 2  3 
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297 
298 
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318 
2 40 
241 
255 

parameter, 
r 

number, 
Rev 

900 
1450 
1300 
1250 
1260 
1400 
1460 
1475 
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1450 
1150 
1050 
1300 
800 
900 
820 
770 

1300 
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5 40 

0. O78X1O6 
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.038 
.036 
.036 
.045 
. lo3 
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.072 
.OS7 
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.os1 
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.082 
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.058 

(a)  Range of heat-addition parameter, 500 t o  1500; burnout loca t ion  downstream of 
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